The interaction between human fibronectin and 17 strains of staphylococci was studied in an attempt to elucidate the staphylococcal cell wall component(s) involved in fibronectin binding and to determine the influence of fibronectin upon phagocytosis by three types of phagocytic cells. Purified, radiolabeled fibronectin bound to a similar degree to six laboratory strains and three fresh clinical isolates of Staphylococcus aureus; similar binding of fibronectin was found with S. aureus strains deficient in cell wall teichoic acid or clumping factor and coagulase, as well as with three strains of S. epidermidis. There was miniimal binding of fibronectin to encapsulated S. aureus and to Escherichia coli. Fibronectin bound to intact cells and to a crude cell wall preparation of S. aureus H, but not to purified cell walls or peptidoglycan. Trypsinization of staphylococci prevented subsequent fibronectin binding, but binding did not correlate well with the protein A content in S. aureus cell walls. At physiological concentrations, fibronectin binding to staphylococci did not promote phagocytosis of bacteria by human polymorphonuclear leukocytes, monocytes, or alveolar macrophages. Also, depletion of fibronectin from nornal human serum did not result in a measurable loss of opsonic activity for staphylococci. It is concluded that fibronectin binding to staphylococci involves a surface protein shared among strains of S. aureus and S. epidermidis, and that in comparison to C3b and IgG, fibronectin plays a relatively minor role as an opsonin for staphylococci.
Efficient recognition and ingestion of staphylococci by human phagocytic cells is dependent upon opsonic factors in serum and other body fluids (14, 30, 33) . Well-established staphylococcal opsonins are a fragment of the third component of complement (C3b) and immunoglobulin G class immunoglobulins. The opsonins' most important interaction is with the peptidoglycan moiety of the staphylococcal cell wall (22, 29) . Recently, fibronectin, a major glycoprotein of blood (300 + 100 ,ug per ml of plasma), has been shown to bind to Staphylococcus aureus but not to Mycobacterium butyricum or Escherichia coli (12, 16 (21) .
Isolation of cell wall fragments of S. aureus H. Lyophilized preparations of crude cell walls, containing proteins as well as peptidoglycan and teichoic acid, purified cell walls, consisting of teichoic acid covalently linked to peptidoglycan, and purified peptidoglycan were isolated from S. aureus H. The isolation and analysis of these cell wall preparations have been previously described in detail (22, 31) .
Quantitation of cell wall protein A. The amount of protein A present on the surface of intact S. aureus strains was quantitated by indirect hemagglutination, using a modification of previously described methods (20 7.4 , and dialyzed against the same. 3H-fibronectin was prepared by reductive alkylation (24) . Fibronectin, 60 mg, in 10 ml of 50 mM sodium borate, pH 9, was treated with 5 mCi of 3H-formaldehyde (New England Nuclear Corp., Boston, Mass.) for 30 min at 4°C. The reaction was stopped by three successive additions of 0.2 ml of 0.34 M NaBH4. The solution was adjusted to 2 mg/ml with PBS, pH 8, and dialyzed against the same at 4°C. Functionally active 3H-fibronectin was isolated by affinity chromatography on gelatin-agarose as described above, concentrated by 50% ammonium sulfate precipitation, dialyzed against PBS, pH 8, and stored at -700C at 1 mg/ml until used in binding assays. The specific activity of 3H-fibronectin prepared under these conditions was 1 mCi/,umol. The purity of fibronectin and 3H-fibronectin was confirmed by two-dimensional immunoelectrophoresis, as described previously (6) .
Serum sources and preparation offibronectindepleted serum. Serum from 10 healthy donors was pooled and stored in 1-ml portions at -70°C. Serum was also obtained from a recently described patient with homozygous C3 deficiency (H. A. Verbrugh, J.
Roord, W. C. van 144, 1980) . This serum contained normal levels of fibronectin (182 jig/ml), but no detectable C3. Purified human C3 was kindly provided by M. R. Daha (University of Leiden, Leiden, The Netherlands). Fibronectin-depleted serum was prepared by affnity chromatography of whole serum on gelatin-agarose as described above. Fibronectin-depleted serum was concentrated back to the original volume by ultrafiltration in a membrane filter equipped with a 10,000-molecularweight cut-off filter, dialyzed against Hanks balanced salt solution (HBSS) at 40C, and frozen at -700C until use. Control serum was treated in an identical fashion except that the chromatography was done on agarose. The fibronectin levels in normal pooled serum, fibronectin-depleted serum, and control-treated serum were 152, <15, and 160 ,ug/ml, respectively. Just before use, sera were thawed and diluted to the desired concentration in HBSS containing 0.30 mg of BSA per ml (HBSS-BSA).
Measurement of fibronectin binding to intact for cell wall fragments). Duplicate 400-p1 samples of bacteria (containing 4 x 109 microorganisms) or cell wall components (1 mg) were added to glass tubes (10 by 75 mm) and mixed with varying amounts of 3H-fibronectin in a total volume of 0.56 ml. After 30 min of incubation at room temperature, the particles were washed two times with PBS-BSA, transferred to a second glass tube, washed a third time, transferred to scintillation vials, and dried (overnight at 60°C). Seven milliliters of scintillation liquid (Liquiflour; New England Nuclear) was then added, and the particle-associated radioactivity was determined in a Beckman LS-230 liquid scintillation counter (Beckman Instruments, Inc., Chicago, Ill.). In some experiments, surfacebound fibronectin was visualized by using fluoresceinconjugated goat antibody [F(ab')2 fragment] against human fibronectin (Cappel Laboratories) by previously described methods (19) . Preparation of phagocytes. The isolation of PMN and monocytes (MN) from fresh heparinized donor blood by dextran sedimentation and separation over a Ficoll-Isopaque gradient as well as the subsegmental saline lavage of the lingula or middle lobe of the right lung of normal donors to obtain alveolar macrophages (AM) have been described previously (10, 21) . The PMN and AM suspensions were 290% pure, whereas purity of MN suspensions varied from 25 to 45%. Viability of PMN, MN, and AM was >95% as assessed by trypan blue exclusion.
Assessment of bacterial op8onization. Opsonization of bacteria was assessed by quantitating the uptake of radiolabeled bacteria by human PMN, MN, and AM. The assay used has been described in detail previously (22, 29, 30) . Briefly, 0.1 ml of bacteria (5 x 10/ml in HBSS-BSA) was incubated with 0.9 ml of opsinin-containing solutions for 30 to 60 min at 37°C in a shaking incubator. Then 100 p1l of the opsonized bacterial suspension was mixed with 0.1 ml of either PMN, MN, or AM (5 x 10' cells/ml in HBSS-BSA) in polypropylene vials (Bio-vials; Beckman), and phagocytosis was allowed to proceed for 60 min at 37°C with shaking. The final bacteria-to-phagocyte ratio was about 10:1. Phagocytosis was interrupted by adding 3 ml of ice-cold PBS to the mixture. Non-phagocyteassociated bacteria were removed by three cycles of differential centrifugation (5 min, 160 x g), and the phagocyte-associated radioactivity in the final pellet was determined by liquid scintillation counting. Phagocytosis was expressed as percentage of uptake of total added radioactivity, determined in a separate vial. The percentage of uptake was taken as a measure of bacterial opsonization (29 (Fig. 1) . A linear correlation (r = 0.99) was maintained over a final fibronectin concentration range of 50 to 1,000 ,tg/ml. At lower concentrations, the amount of fibronectin bound rapidly dropped to undetectable levels. At physiological levels of fibronectin, 300 ± 100 ,ug/ml (13) , saturation of the surface of S. aureus did not occur, and binding of radiolabeled fibronectin was inhibitable by adding excess nonradiolabeled fibronectin. From the experiments, it is estimated that 200 to 1,000 molecules of fibronectin became fixed to the surface of a staphylococcal cell at these fibronectin concentrations (using 450,000 as the molecular weight of intact dimeric plasma fibronectin and 6.023 x 102 as Avogadro's number). Fibronectin fixation to the surface of S. aureus Cowan I, incubated with purified fibronectin or serum, was also confirmed by immunofluorescent microscopy. (Fig. 4) , indicating that protein A is not significantly involved in fibronectin fixation by S. aureus.
Capacity offibronectin to promote staphylococcal phagocytosis. The opsonic activity offibronectin was determined in an assay system that directly measures the uptake of radiolabeled bacteria by phagocytic cells. was always less than 10% and did not differ from that of control bacteria incubated with HBSS-BSA alone. Addition of heparin, which has been reported to enhance the uptake of gelatin-coated latex particles by monolayers of macrophages (9) , did not improve the ability of fibronectin to promote phagocytosis. The treatment of bacteria with fibronectin, either before or after opsonization with 10% serum, did not affect the rapid uptake of bacteria by PMN (data by shown). The binding of fibronectin, thus, did not influence either the binding or function of serum opsonins. The crucial role of complement in serum opsonization was evidenced by the much reduced opsonic capacity of serum devoid of complement factor C3 but with normal levels of fibronectin. The opsonic defect in the patient's serum was corrected by the addition of purified C3 (Table 2) . Because fibronectin may possibly express its opsonic effect only when present in normal body fluids, e.g., serum or plasma, we next compared the opsonic activity of normal serum with that of serum depleted of fibronectin. In these experiments, S. epidernidis ATCC 14990 was used and three types of phagocytes were studied. No significant differences were found in the opsonic titers of normal serum versus the same serum depleted of its fibronectin, and similar results were obtained with PMN, MN, and AM (Fig. 5) . Likewise, for S. aureus Cowan I, fibronectindepleted serum and control serum had similar opsonic activities (data not shown).
DISCUSSION
Results of this investigation indicate that human fibronectin binding to staphylococci involves a minor proteinaceous surface component of the staphylococcal cell wall, but point to a relative inefficiency of bound fibronectin, when studied at physiological concentrations, in promoting staphylococcal phagocytosis by human phagocytic cells. Fibronectin is a large glycoprotein present in blood and other body fluids and has been proposed to play an important role in the clearance of particles from the bloodstream (26) . Decreased levels of fibronectin have been found in patients with disseminated intravascular coagulation and with certain trauma such as severe burns (17, 27) . The decreased levels of fibronectin are thought to increase the host's susceptibility to invasion by microorganisms and to contribute to organ failure in such patients.
Trypsin-sensitive binding of human fibronectin to S. aureus has been reported previously (12, 16; Proctor et al., 27:650A, 1979 ), but the binding site in the cell wall of this bacterial species was not further characterized. We studied binding of radiolabeled fibronectin in a total of 15 strains of staphylococci, some of which have well-characterized differences in cell surface composition. Fourteen of these strains showed significant fibronectin binding that was directly dependent upon the amount of fibronectin added. At physiological levels of fibronectin (300 ± 100 fig/ml [14] 27:650A, 1979) reported that fibronectin increased the chemiluminescence response of human PMN to other unopsonized S. aureus ATCC 25923 and to M. luteus, but not to E. coli. In addition, a significant loss of micrococcal colony-forming units occurred when fibronectin was present in an in vitro bactericidal assay. Together, these findings were taken to indicate that fibronectin promoted the uptake of the bacteria by PMN and that fibronectin therefore can act as an opsonin for micrococci. In this study, fibronectin had no detectable opsonic activity for seven strains of staphylococci and three types of human phagocytic cells (PMN, MN, and AM). Uptake of bacteria incubated in the presence of purified fibronectin was minimal and did not differ from that of bacteria incubated with buffer alone. In contrast, 10% human serum promoted brisk uptake of staphylococci. Numerous previous studies have shown that the complement system and immunoglobulin G are major opsonic proteins in human serum. The important role of complement in serum opsonic activity was demonstrated in this investigation by the much reduced uptake of bacteria incubated in serum from a patient with a complete C3 deficiency, but with normal levels of fibronectin. A similarly reduced opsonic activity can be found by heat inactivation of serum complement for 30 min at 56°C (30) ; however, fibronectin is not inactivated by such treatment (Proctor et al., Chin. Res. 27:650A, 1979). Thus, fibronectin would not be anticipated to be part of the heat-labile serum opsonic system for staphylococci. The role of fibronectin as a serum opsonin was further delineated in experiments with fibronectin-depleted serum. No differences in opsonic titers appeared when normal and fibronectin-depleted human sera were compared.
These results do not support the conclusion of Proctor et al. (Clin. Res. 27:650A, 1979) that human fibronectin is an important nonantibody, noncomplement opsonin for staphylococci. Most probably, these divergent results can be explained in part by differences in methodology and techniques. The assay system used in this study directly quantitates uptake of radiolabeled bacteria in suspension with phagocytic cells. Uptake is recorded only when bacteria are firmly attached to or ingested by the phagocytes and are not removed by the differential centrifugation cycles. On the other hand, Proctor et al.
(Clin. Res. 27:650A, 1979) used the chemiluminescence response of PMN and a fall in colonyforming units in their mixtures. Both of these latter assays have been used previously as indirect indicators of particle uptake, and thus opsonization of bacteria (8, 23) . However, both PMN chemiluminescence and a fall in colonyforming units do not necessarily depend on true VOL. 33, 1981 on November 6, 2017 by guest http://iai.asm.org/ particle ingestion. An oxidative metabolic response of PMN with concomitant generation of chemiluminescence can be elicited by soluble stimuli such as phorbol myristate acetate, a variety of ionophores, and the complement peptide C5a (1, 7) . Assays measuring a fall in colonyforming units in phagocytic mixtures, on the other hand, are very susceptible to cell-cell, particle-particle, and cell-particle clumping and need correction for extracellular killing (28) . Similar difficulties exist in the interpretation of results of the fibronectin-mediated uptake of gelatin-coated particles by slices of liver or monolayers of peritoneal macrophages (3, 9, 25 
